This study aims to elucidate the key mechanisms controlling phytoplankton growth and decay within the Thames basin through the application of a modified version of an established river-algal model and comparison with observed stream water chlorophyll-a concentrations. The River Thames showed a distinct simulated phytoplankton seasonality and behaviour having high spring, moderate summer and low autumn chlorophyll-a concentrations. Three main sections were identified along the River Thames with different phytoplankton abundance and seasonality: (i) low chlorophyll-a concentrations from source to Newbridge; (ii) steep concentration increase between Newbridge and Sutton; and (iii) high concentrations with a moderate increase in concentration from Sutton to the end of the study area (Maidenhead). However, local hydrologic (e.g. locks) and other conditions (e.g. radiation, water depth, grazer dynamics, etc.) affected the simulated growth and losses. The model achieved good simulation results during both calibration and testing through a range of hydrological and nutrient conditions. Simulated phytoplankton growth was controlled predominantly by residence time, but during medium-low flow periods available light, water temperature and herbivorous grazing defined algal community development. These results challenge the perceived importance of in-stream nutrient concentrations as the perceived primary control on phytoplankton growth and death.
INTRODUCTION
Phytoplankton is essential for life as being the base of the aquatic food chain (Reynolds ) and, in some cases, improving the water quality of large rivers by removing nutrients and providing oxygen during lowflow periods (Wehr & Descy ; Picard & Lair ) .
Phytoplankton can also become a nuisance, especially in rivers and lakes, when present in large numbers. The presence of phytoplankton in drinking water can affect the colour, taste and odour of water, can clog pipes and causes filtration problems ( Jones ) . The removal of excessive algae can increase the cost of water treatment (Steffensen ) . The overabundant presence of phytoplankton also negatively affects the recreational use of water bodies; toxic species can affect the fish population (i.e. poison fish tissues with toxins) and can also cause skin irritation and stomach problems in humans (Wehr & Descy ) .
Extensive studies of lakes uncovered the underlying key factors of eutrophication in standing waters (Marcus ) , but the understanding of eutrophication of rivers is much more limited (Hilton et al. ) . The linkages between environmental factors and phytoplankton growth are sufficiently known to identify the important processes and create numerical models (Reynolds et al. ) . These models, which simulate the effect of hydrological, chemical and meteorological conditions on ecology, facilitate the Previous field-based research found that phytoplankton growth in the River Thames was limited neither by flow nor phosphorus, and that the growth period is normally between March and August with a peak in the April-May period (Lack ; Young et al. ) . It was also found that the water of the River Thames is well mixed, and thus phytoplankton populations can be estimated by using the observation at the water surface (Kowalczewski & Lack ) . Neal et al.
(, a, b, c) observed a lack of response in chlorophyll-a levels to reduced soluble reactive phosphorus (SRP) levels in sewage treatment plant effluents, which indicated that the observed nutrient levels were still too high to control algal growth in the River Thames. In the same study, a strong linear correlation between residence time and chlorophyll-a and the spring-summer chlorophyll-a levels also positively correlated with SRP, particulate nitrogen, particulate organic carbon and suspended sediments.
The River Thames was previously modelled by Whitehead & Hornberger (), but the general phytoplankton behaviour was not discussed in their paper. The phytoplankton in the River Thames was also simulated by the PROTECH-C model (Reynolds et al. ) but, until now, the report and the results are not available in the public domain. This modelling paper therefore provides useful insights to phytoplankton behaviour in the Thames catchment. This paper describes the key factors and processes that control river-system phytoplankton dynamics in a major UK river system, the River Thames, based on a model-based assessment and water quality gathered within an operational network by the Environment Agency and the Centre for Ecology and Hydrology (CEH). As such, the work builds on and complements other model-based assessments through the development and application of a modified version of the river-algal model developed by Whitehead & Hornberger () . Such models are needed to aid environmental management by helping to optimise the flow and pollution mitigation measures and restoration options set against a background of population growth and climate change (Johnson et al. ; Pretty et al. ; Kinniburgh & Barnett ) . In particular, the development of dynamic process-based models for application in river (rather than lake) systems is a topic requiring exploration (Hilton et al. ) . The River Thames is a major UK river basin that has been monitored extensively and water quality is expected to be under severe pressure in the coming decades; population growth has resulted in increasing sewage effluent inputs and more intense farming practices. There is therefore a pressing need to understand the condition of eutrophication in this system and assess the potential management options to improve the ecological status. This paper briefly describes the applied model and presents the River Thames (UK) application of this model. This allows the phytoplankton population to grow and potentially reach nuisance levels.
STUDY AREAS AND DATA RESOURCE

METHODOLOGY
The conceptual diagram of the applied in-stream algae model is shown in Figure 2 . The model simulates the live suspended algae (SA), the dead entrained organic matter (EOM) and the biomass of herbivorous grazers. SA species are not differentiated, and the total phytoplankton is modelled. Both the SA and the EOM are free-floating; they are therefore subject to longitudinal transport with the river flow. Within the model, SA are also the subject of growth, death, settling and grazing, whereas the EOM is affected by the processes of sedimentation and bed-sediment ) is described with two mass-balance equations:
The mathematical expressions for the terms in
Equations (1) and (2) are listed in Table A .1 in the appendix together with the list of model parameters (Table A. 2) (Appendix available online at: http://www.iwaponline.
com/nh/043/028.pdf). The key assumptions are as follows.
• There is evidence that the biomass:chlorophyll-a ratio of algae changes with increasing grazing (Walton et al.
)
; specifically, the algal community shifts to more filamentous upon severe grazing, regardless of enrichment.
To simplify the model, this ratio was assumed to be constant in this model (Ratio C:Chla ).
• To accommodate the dominance of different algal groups in the simulation, the model allows the selection of up to three optimum solar radiations (R opt ) and three optimum temperatures (T opt ) for phytoplankton. However, only one solar radiation and one temperature-related shape parameter can be selected (R exp , T sh ), which will be used for all simulated algal groups. The model solves the radiation and temperature limitation equations for each algal group, and uses the least limiting value in the growth calculation (rows 5-6 in Table A .1).
• Phytoplankton is mostly grazed by zooplankton. Predation on zooplankton is considered with the presence of fish. Young fish hatch during spring and summer and they eat most zooplankton in late summer and autumn, when the water temperature is also expected to be at the maximum. The use of the Arrhenius temperature limitation formula (row 14 in Table A • The model is forced to keep a minimum biomass for grazers in each reach to ensure the biomass increment if conditions are favourable for growth. Therefore, if the simulated biomass falls below the user-defined value (m grazers,min in units of g C m À2 ), on the next day the starting biomass of grazers will be m grazers,min again.
• Entrainment of organic matter was found to be a key process in the River Kennet (one of the main tributaries of the River Thames) during the preliminary data assessment, which indicated that at least half of the chlorophyll peaks resulted from turbulent flow conditions and not from true phytoplankton blooms (Jarvie et al. ;
Lázár ). The entrainment of dead organic matter This model only considers the dead organic matter entrainment (row 15 in Table A .1) to eliminate the uncertainty of the assumptions on the growth and entrainment of live benthic algae.
• The model only calculates the advection of phytoplankton; diffusion is not considered because the water column is probably well mixed (Kowalczewski & Lack ) .
MODEL SET-UP AND CALIBRATION
The location of the flow gauging stations and water quality monitoring sites and a summary of available data is given in Figure 1 and Table A .3, respectively (see http://www.
iwaponline.com/nh/043/028.pdf for the Table A The initial values of the model parameters were selected from the scientific literature (Table 1) . These were modified during the calibration to achieve a better fit to the obser- 
RESULTS
The simulated stream water chlorophyll-a concentrations Griffin et al. (2001) . In general, the model results were comparable to the pattern of the observations. The August-September period was found to be the most vulnerable to phytoplankton blooms in the middle reaches, whereas the April-May period is the most important of the lower reaches in the River Thames.
The used model parameters fell within the range of the literature data (Table 1) . It is clear that the phytoplankton growth rate was set to a moderate-low value (k 3 ) but the natural mortality rate (k 4 ) was close to the maximum value of the literature data. However, it was balanced with the high selfshading coefficient (k 7 ), which allowed the production of The present study builds on earlier modelling studies and was applied to a typical UK river basin influenced by farming and population constraints (Neal et al. a) .
River systems that are strongly influenced by human intervention such as changing flow conditions, point and diffuse nutrient inputs will be affected by algal development and dynamics. Further, loss of riverine refuges as a result of management activities (e.g. weed cutting or pollution) may be significant as they influence the plankton-zooplankton dynamics, the role of grazers and their removal by fish. 
